AND CONCLUSIONS 1. We studied seven subjects with cerebellar lesions and seven control subjects as they made reaching movements in the sagittal plane to a target directly in front of them. Reaches were made under three different conditions: 1) "slow-accurate,' ' 2) "fastaccurate,' ' and 3) "fast as possible." All subjects were videotaped moving in a sagittal plane with markers on the index finger, wrist, elbow, and shoulder. Marker positions were digitized and then used to calculate joint angles. For each of the shoulder, elbow and wrist joints, inverse dynamics equations based on a three-segment limb model were used to estimate the net torque (sum of components) and each of the component torques. The component torques consisted of the torque due to gravity, the dynamic interaction torques induced passively by the movement of the adjacent joint, and the torque produced by the muscles and passive tissue elements ( sometimes called ' 'residual' ' torque) .
INTRODUCTION
In reaching to a target, subjects with a damaged cerebellum make errors in movement. These errors include failure to coordinate movement at individual joints, an abnormally curved trajectory, and undershoot or overshoot of the endpoint (Gilman et al. 1976; Holmes 1939) . It has long been debated whether the errors in movements made about one joint can explain the greater magnitude of the errors observed when several joints are moved together, or whether other factors are involved (Flament and Hore 1986; Holmes 1939; Thach et al. 1992) .
Many studies have reported that subjects with cerebellar lesions make abnormal single-jointed movements at the shoulder, elbow, wrist, and/or proximal finger joints (Brown et al. 1990; Flament and Hore 1986; Hallett et al. 1975 Hallett et al. , 1991 Hore et al. 1991; Manto et al. 1994) . Fast singlejointed movements have been shown to have abnormal acceleration phases that were decreased in amplitude and prolonged in time (Hallett et al. 1991) . Agonist electromyogram activity has been shown to be prolonged and has been thought to explain why cerebellar subjects often overshoot targets (Flament and Hore 1986; Hallett et al. 1975; Hore et al. 1991) . In contrast, when moving a single joint with emphasis on accuracy, cerebellar subjects have made shorter accelerations and prolonged decelerations (Brown et al. 1990 ). This second kinematic pattern may have been the result of a strategy that patients use in attempts to improve performance accuracy. When the inertia of the moving segment was increased by the addition of weights, the amount of overshoot also increased (Manto et al. 1994) . The authors attributed this deficit to an increase in agonist muscle activity without proportionate increase in antagonist activity to stop the movement.
Other studies have compared the effects of cerebellar lesion on both single-and multijointed movements and have 492 0022-3077/96 $5.00 Copyright 0 1996 The American Physiological Society found that the deficits in the former are mild relative to the profound deficits in the latter Holmes 1939; Thach et al. 1992 Thach et al. , 1993 . This observation in turn raises two questions. First, what properties of movement are unique to multijointed compared with single-jointed movements? Second, do cerebellar lesions cause a specific inability to control these properties of multijointed movements? Few studies have presented detailed analyses of the deficits in multijointed movements made by subjects with cerebellar damage (Bastian and Thach 1995; Becker et al. 1991; Goodkin et al. 1993; Hallett and Massaquoi 1993) . These studies investigated multijointed reaching movements (Bastian and Thach 1995; Becker et al. 1991; Goodkin et al. 1993; Hallett and Massaquoi 1993) , pinching movements (Bastian and Thach 1995; Goodkin et al. 1993) , and walking (Hallett and Massaquoi 1993) . The common finding in these studies is that subjects with cerebellar damage show pronounced abnormalities in the relative motion of multiple joints when attempting to produce a given movement. Thus the impairment in multijointed movements may reflect the incoordination of muscle actions at one joint relative to those acting at other joints involved in the movement.
Historically, the view of muscle action in coordinated movement included roles as agonists, antagonists, synergists, and fixators (Beevor 1903) . The belief was that movement (or nonmovement) at each of the many joints in a segmented limb is the direct result of the activity of the muscles acting at the respective joint. Bernstein ( 1967) realized that coordinated movement of several body segments need not result from direct muscle action at each segment. He recognized that much of our desired bodily movement is actually accomplished by interaction torques that occur at a joint as a result of movement at another joint that is linked to it. Bernstein reasoned that a major role of muscle action is to allow interaction torques to occur freely (through lack of muscle activity) or to modify them by either adding to or subtracting from them. Thus, to make a coordinated movement across joints, one must generate muscle forces that allow for interaction torques. With these facts in mind, we wondered whether cerebellar patients would have a specific inability to deal with the problem of dynamic interaction torques.
We addressed this question by studying cerebellar patients making targeted reaching movements in a sagittal plane under three conditions. The ' 'slow-accurate ' ' condition emphasized accuracy, and subjects made relatively slower movements with lower interaction torques. The ' 'fast-accurate' ' condition emphasized speed, and subjects made faster movements with higher interaction torques. We further studied subjects making movements in a "fast as possible" condition (not required to stop at the target) to see whether cerebellar subjects had a fundamental deficit in the ability to move rapidly. The torques occurring around the elbow and shoulder joints were estimated with the use of inverse dynamics equations (derivation of the torques required to move a segmented limb of known mass through a known trajectory -see APPENDIX ). These calculations allowed us to parse out the relative contribution of the gravitational torques, dynamic interaction torques, and muscle (residual) torques to the total or net torque occurring at each joint. The results of this study indicate that the cerebellum plays a role in adjusting the muscle torque at a given joint to add to or subtract IN CEREBELLAR ATAXIA 493 from the dynamic interaction torque generated from movement of linked joints. Under both the slow-accurate and fastaccurate conditions, subjects with cerebellar lesions generated muscle torques that did not change appropriately relative to the interaction torques. This accounts for the subjects' lack of synchronized joint movement and curved wrist paths. Under the fast-accurate condition, the cerebellar patients overshot the target. In this condition, the muscle torque often did not offset the dynamic interaction torque. The consequence of inadequate muscle torques during portions of the reach was an excessive contribution of the interaction torque to the movement. Preliminary results of this work have been previously reported (Bastian et al. 1994 ).
METHODS

Subjects
Seven control subjects and seven subjects with cerebellar lesions participated in this study. Cerebellar subject information is provided in Table 1 . In the cerebellar group, three subjects had lesions in the lateral cerebellum that resulted from an infarct or hemorrhage; the other four cerebellar subjects were diagnosed with cerebellar cortical atrophy. All cerebellar lesions were confirmed by both neurological exam and magnetic resonance imaging scan. Clinically, all cerebellar subjects exhibited either mild or no detectable tremor during movement. Control subjects were matched for age, sex, handedness, and arm used to perform the reach. Informed consent was acquired before all subjects were tested.
Paradigm
All subjects performed unconstrained vertical reaching movements in the sagittal plane under the slow-accurate and fast-accurate conditions (Fig. 1) . Three of the cerebellar subjects (CBL-01, CBL-03, and CBL-07) and their controls were also asked to make reaches under the fast as possible condition. This condition was included to see whether patients with cerebellar lesions could move as rapidly as control subjects when no accuracy constraints were given. A more detailed description of each of these conditions follows.
SLOW-ACCURATE REACH. Subjects were seated with the back supported and the involved arm positioned at the side with the shoulder in a neutral position (vertical upper arm), 80-90' flexion of the elbow, and neutral pronation-supination (Fig. 1 ) . Markers were placed on the tip of index finger, the ulnar styloid process (wrist joint), the lateral epicondyle (elbow joint), and the tip of acromion process (shoulder joint). A 4-cm-diam ball target was suspended from a fine wire and placed in front of each subject at approximately shoulder height and at a distance of 90% of the full arm's length away. All subjects were instructed to reach out and touch a 1-cm-diam white dot on the ball target on an auditory "go" signal. Subjects were further instructed to move only the arm and to not lean the trunk forward.
FAST-ACCURATE REACH. The paradigm was as described for the slow-accurate reach except the subjects were asked to move "as fast as you can and touch any site on the ball target." In this condition, the l-cm spot was removed, so subjects were reaching for a 4-cm-diam ball target. The emphasis was on speed, although the subject was specifically asked to stop at the target.
FAST AS POSSIBLE REACH. The paradigm was as described for the slow-accurate reach except the subjects were asked to move "as fast as possible in the direction of the target." There were no accuracy constraints during this task. Emphasis was on speed alone and the subjects were told to go as fast as possible with no regard as to whether they undershot or overshot the target.
Data collection
Under all conditions, five practice trials were performed before testing and then the test trial was repeated 10 times. All reaching movements were videotaped at 60 fields per second. The video camera was positioned to record the reach in the sagittal plane and zoomed in to provide the'largest image possible while maintaining all markers in the field of view. A video motion measurement system (Peak Performance Technologies) was then used to digitize video data at 60 Hz and to determine marker displacements.
shoulder girdle on the trunk, and was accepted as normal. Planarity of the reach refers to how well subjects constrained the arm movement to the sagittal plane. An inability to maintain the arm in the sagittal plane would have changed the apparent angle measured by our two-dimensional motion measurement system and would have introduced error into the estimation of reach kinematics and kinetics. But because the target was located directly in front of the shoulder of the arm being tested, all subjects tended to maintain the reach in the sagittal plane. During digitization of the trials, any reach that clearly moved out of the sagittal plane was rejected. To validate the planarity of the accepted reaches that were digitized, X we measured the apparent length of the forearm to see whether it changed through the course of the movement. The percent apparent length change of the forearm during the reach served as an index of 'the planarity of the reach. Others have reported that a change in apparent length of up to 10% is acceptable for this type of analysis (Hoy et al. 1985) . All subjects that we tested were well below this criterion, with the exception of two cerebellar patients (CBL-05 and CBL-06) who had 15% apparent length changes during some reaches. To address the possibility that error may have been introduced into the data from these two subjects, we experimentally varied the angle of the forearm to the plane of intended reach and measured the angular errors produced by apparent length changes up to 50%. For the trials that we accepted in patients CBL-05 and CBL-06, the angular error was ~2" compared with the angular excursions of the elbow and shoulder, which exceeded 40-50'.
Analysis
KINEMATICS.
Eight test trials from each condition were analyzed. These trials were chosen on the basis of two criteria: 1) a minimum amount of shoulder translation and 2) the planarity of the reach. To prevent shoulder joint translation from confounding the analysis, subjects were repeatedly instructed not to lean forward during the reach. Trials where the subject overtly leaned forward were not digitized. In the trials that were digitized, there was still a slight, slow translation of the shoulder in the horizontal plane (translation < 6 cm, peak velocity < 25 cm/s). This was present both in normal and in cerebellar subjects, consisted of movement of the All marker displacement data were smoothed with the use of a fourth-order Butterworth filter (low pass) with a cutoff frequency of 5 Hz. Linear and angular displacements at the shoulder, elbow, and wrist were calculated from the marker positions. The wrist angular displacement was determined with the use of markers on the wrist, tip of the index finger, and elbow joints. This method of estimating wrist angular position was justified because the joints , a\ at the index finger did not move appreciably during the movement FIG. 1. Schematic of the reaching task. The shoulder joint angle (0) was defined as the angle of the upper arm relative to a horizontal reference phase of interest ( <So). Both line; and angular displacement data through the shoulder joint. The elbow joint angle ( 4) was defined as the were numerically differentiated to calculate velocity and acceleraangle between the upper arm and the forearm. The wrist angle (@) was tion. The "start of movement" was defined as the time and position defined as the angle between the forearm and wrist/hand segment. To at which the wrist linear velocity exceeded 10 cm/s. The "end" quantify endpoint accuracy, the target was defined by an X-axis (horizontal) of the first phase of movement was defined as the time and position and Y-axis (vertical).
at which the wrist linear velocity dropped below 10 cm/s after the peak wrist linear velocity. In a few trials, the wrist linear velocity did not drop down to 10 cm/s before subsequent peaks (corrective movements), so the end of movement was taken as the lowest point after peak wrist linear velocity. All reaching movements were analyzed from the start of the movement to the end of the first phase of the movement, before any corrective movements. The start and end of the first phase of shoulder flexion and elbow extension were also determined. The start of each joint's primary phase of angular movement was defined as the time and position at which the angular velocity exceeded loo/s; the end was defined as the time and position at which the angular velocity dropped below loo/s after the peak angular velocity. In a few trials, the angular velocity of both joints did not drop below loo/s before subsequent velocity peaks (corrective movements), so the end of movement was taken as the lowest point after peak angular velocity.
Six kinematic measures of interest for reaching movements made under the slow-accurate and fast-accurate conditions were 1) endpoint error (overshoot or undershoot);
2) wrist path ratio (PR); 3) decomposition index; 4) symmetry of the velocity profiles at the wrist (linear), elbow (angular), and shoulder (angular); 5) relative onset latencies of elbow and shoulder movement; and 6) peak velocities at the wrist (linear), elbow (angular), and shoulder (angular). We did not include the data taken from the fast as possible condition in the comparison of the first five measurements because this condition did not require the subject to attempt to stop at the target. Only the peak velocities of controls and cerebellar subjects were compared in that condition. Endpoint error was quantified as the distance between the tip of the index finger and the target in the horizontal (X ) dimension and the vertical (Y) dimension at the end of the first phase of the movement (Fig. 1) . A subject could have overshot the target in the X dimension when the index finger moved beyond the target and overshot the target in the Y dimension when the index finger moved above the target. The wrist PR is the ratio of the length of the wrist path actually traveled to an ideal straight line between the start and end positions of the wrist. A PR near 1 represents a nearly straight (normal) wrist path, whereas a PR > 1 (e.g., 1.4) represents a curved (abnormal) wrist path. The "decomposition index" is the percentage of movement time during the reach when one joint's movement pauses while the other joint continues moving. A joint was considered to pause when its velocity dropped to 2O"/s. Symmetry of the velocity profile for elbow and shoulder angular velocities and for the wrist linear velocity were defined as the percent time spent in acceleration. Percent time in acceleration was calculated by dividing the time interval from the start of the joint movement to the peak velocity by the time interval from the start to the end of joint movement. Relative onset latencies of elbow and shoulder joint movement were measured as the time between the start of the shoulder angular movement and the start of the elbow angular movement. We used separate repeated-measures analysis of variance (ANOVA) to compare all of the kinematic measures of interest between the two groups. KINETICS. With the use of the videotaped kinematic data together with estimates of the inertial mass of the different limb segments (Winter 1990 )) we employed inverse dynamics equations to calculate the time series of 1) net torque, 2) gravitational torque, 3) dynamic interaction torque, and 4) muscle (residual) torque about both the elbow and shoulder joints. We define these terms in the following way.
The net torque is defined as the sum of all of the torques acting at a joint. In the reaching movement that we studied, the net torque at a given joint is equal to the sum of the gravitational, interaction, and muscle torques. Thus the net torque determines the time series of joint angles and resultant limb trajectory. We estimated the net torque by taking the product of the moment of inertia of the involved segments (including the segment under consideration and all segments distal to it) and the angular acceleration around a given joint. The gravitational torque is simply the torque produced by the force of gravity acting on the limb segments of the arm. The gravitational torque is the same across kinematically similar movements, regardless of how fast the movement is made. The dynamic interaction torque is the "passive" mechanical torque generated when two or more linked segments move on one another. Dynamic interaction torques are generated at the shoulder when the elbow moves, and at the elbow when the shoulder moves. The magnitude of the interaction torques depends on joint velocity and acceleration. Therefore interaction torques increase in magnitude as the reach is made faster. The muscle (residual) torque is produced by muscle and passive tissues; it is calculated by taking the difference between the net torque and the sum of the interaction and gravitational terms. The muscle torque may be referred to as the residual torque on the basis of the method by which it is calculated. A full mathematical description of the inverse dynamics equations used for this calculation is presented in the APPENDIX.
During the reach, movement occurred primarily at the elbow and shoulder joints. However, in some subjects the wrist joint also moved as much as 20' near the end of the movement. For this reason, we used a three-segment model to calculate all torques occurring at the three joints. This model incorporated the movements produced at the shoulder, elbow, and wrist to make the torque estimations. By doing this, we included any effect that wrist movement had on the other joints in both the elbow and shoulder interaction torque terms. We report the torques for the shoulder and elbow joint only because 1) movement of these two joints primarily determined the course of the reaching movement and 2) wrist movement was inconsistently present, and often absent, in the first phase of the movement.
RESULTS
Kinematics
For all of the kinematic measures, the repeated-measures ANOVA showed no significant trial effect (P > 0.05). This measure verified that there was no systematic change in any of the kinematic measures as a function of trial number.
ENDPOINT ERROR. Figure 2 shows the index finger positions (numbers represent subject) and the target position (shaded circle) for the control and cerebellar groups in both the slowaccurate and fast-accurate conditions. On each graph, we indicate the X-axis, the Y-axis, and an additional axis representing the plane perpendicular to a calculated "ideal" or straight-line wrist path to the target. All measurements of endpoint error were taken relative to the X-and Y-axes. The additional axis was used to illustrate the fact that trends in undershoot and overshoot were similar when the reference axis was rotated relative to the direction of movement.
In the slow-accurate condition, the control subjects undershot the target by an average of 3 cm in the X dimension but were on target in the Y dimension. The cerebellar subjects undershot the target by an average of 5 cm in the X dimension and undershot by an average of 2.5 cm in the Y dimension. The cerebellar group undershoot was of greater statistical significance in the Y dimension (F = 7.86, P < 0.05), although the magnitude of undershoot was also greater in the X dimension (Table 2 ). In the fast-accurate condition, the control subjects stopped <l cm away from the center of the target in both the X and Y dimensions. The fact that the control subjects moved closer to the target in this condition compared with the slow-accurate reaches is likely due to the dimension and nearly 2 cm in the Y dimension. The cerebelslightly larger target size in the fast-accurate condition (see lar group overshoot was of greater statistical significance in METHODS). In the fast-accurate condition, the cerebellar sub-the X dimension (F = 6.12, P < 0.05 ) , although the magnijects overshot the target by an average of 4 cm in the X tude of overshoot was also greater in the Y dimension (Table   TABLE 2 1.01 t 0.01 -4.3 t 0.6 0.6 t 0.7 1.00 t 0.01 0.9 t 1.3 0.9 t 1.0 c-04
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1.02 -1-0.01 -1.5 t 1.5 0.3 t 0.3 1.01 2 0.01 0.4 t 1.1 0. 2). In both the slow-accurate and fast-accurate conditions, the cerebellar subjects' endpoint positions were much more variable than those of the control subjects.
WRIST PATH.
Figure 3 shows eight trials of the wrist path ( -) and final index position (open circles) made by a control subject (C-05) and a cerebellar subject (CBL-0.5) both moving in the slow-accurate and fast-accurate conditions. The control subject shown made a straight-line wrist path and the index finger touched the target in both the slowaccurate and fast-accurate conditions. This was the typical pattern for all control subjects. In contrast, the cerebellar subject made curved wrist paths under both the slow-accurate and fast-accurate conditions. Figure 3B shows a trace of a cerebellar subject moving in the slow-accurate condition. The cerebellar subject made wrist paths that moved vertically first, then sharply changed direction and moved horizontally toward the target. This type of path resulted from movement primarily of the shoulder (flexion) early in the reach followed by movement primarily of the elbow (extension) during the second half of the reach. This type of wrist path occurred in varying degrees across the cerebellar group. It was observed most often and most strongly in the slow-accurate condition.
In the fast-accurate condition, cerebellar subjects also made curved wrist paths (Fig. 30) . However, the vertical and horizontal components were less pronounced. In cm slow-accurate condition. This was due to a slightly different pattern of joint movement where elbow extension initially lagged shoulder flexion but then the two joints moved together with the elbow extending excessively relative to the shoulder movement. This resulted in a wrist path that was more of an S-shaped curve. This pattern of wrist movement occurred most often in the fast-accurate condition. As a group, the cerebellar patient wrist PR values indicated greater curvature than did those of the control group for both the slow-accurate (F = 8.68, P < 0.05) and the fast-accurate condition (F = 4.69, P < 0.05). Most of the cerebellar subjects had the greatest curvature of wrist path in the slow-accurate condition (Table 2 ).
MULTIJOINT COORDINATION. Figure 4 shows the shoulder joint angle plotted against the elbow joint angle for the same trials seen in Fig. 3 . Shoulder-versus-elbow plots graphically illustrate the movement of one joint relative to the other joint during the reach. The control subject shown moved both the elbow and the shoulder joints simultaneously and smoothly, as indicated by the gently curving diagonal line. The initial part of the curve (start) was slightly more vertical, indicating that there was a greater change in the shoulder angle relative to that of the elbow angle; the terminal part of the curve (stop) was slightly more horizontal, indicating that there was a greater change in the elbow angle relative to that of the shoulder. This was the typical pattern for control subjects reaching under both the slow-accurate and fast-accurate conditions. This pattern of shoulder and elbow movement resulted in the straight-line path of the wrist. 4. Eight trials of the shoulder angle vs. elbow angle are shown for a control subject (C-05) and for a cerebellar subject (CBL-05) moving in the slow-accurate and fast-accurate conditions. These data represent the same trials shown in Fig.  3 . In these graphs, the elbow is extending as it approaches O", and the shoulder is flexing as it approaches 360". A: control subject moving in the slow-accurate condition. B : cerebellar subject moving in the slow-accurate condition. C: control subject moving in the fast-accurate condition. D: cerebellar subject moving in the fast-accurate condition.
The cerebellar subject shown moving under the slow-accurate condition (Fig. 4B ) lacked synchrony at the elbow and shoulder, as indicated by the sharp break in curvature of the graphed data. Early in the reach, this subject flexed slightly at the elbow joint while holding the shoulder steady (horizontal lines at start). The reach proceeded with movement occurring mostly at the shoulder while the elbow moved very little (vertical portion of the traces), then movement at the elbow while the shoulder moved very little (top horizontal portion of the traces). This is a pattern of socalled decomposition in which the shoulder and elbow made seriatim movements. Decomposition was seen often in the slow-accurate condition.
In the fast-accurate condition, this cerebellar subject also made abnormal elbow and shoulder movements (Fig. 40) . However, the pattern of joint movement was not as strictly decomposed as seen in the slow-accurate condition. There was less tendency for seriatim shoulder and elbow movements giving rise to vertical and horizontal lines in the graphs, respectively (Fig. 4, B and D) . Instead, the shoulder and elbow were moved together, but the movements were improperly synchronized. This was revealed as a more curving diagonal line in the shoulder-versus-elbow plot and a curved wrist path. This pattern illustrates an incoordination characterized by an abnormality in the relative excursions of the elbow and shoulder joints as they moved simultaneously. This type of incoordination was most often observed in the cerebellar subjects moving in the fast-accurate condition.
We used a decomposition index to quantify the extent to which cerebellar subjects performed seriatim movements of the elbow and shoulder joints. This index represents the proportion of the total reach during which one joint was moving while the other joint was pausing (see METHODS). Compared with normal subjects, the cerebellar group decomposed elbow and shoulder movement during more of the reach in both the slow-accurate (F = 8.68, P < 0.01) and fast-accurate (F = 15.30, P < 0.01) conditions (Table 3) . Moreover, the cerebellar group decomposed the reach to a greater extent in the slow-accurate condition (43% of the reach) compared with their performance in the fast-accurate condition (30% of the reach).
A possible concern about the validity of the decomposition index as a measurement of coordination stems from the fact that it is based on absolute joint velocity. Thus the decomposition index could be differentially affected by movement at different speeds. During very slow movements, the decomposition index could be misleading if one joint were moving slightly under the 2O"/s criteria while the other moved slightly over this rate for long periods of time during the reach. This problem would be most pronounced during the initial and final phase of the movement, where the two joints tend to move slowest. By this reasoning, if the cerebellar subjects decomposed only at the extreme portions of the reach, the elevated values may have been caused entirely by slight differences in shoulder and elbow initial and terminal velocities.
Withthis in mind, we tested for decomposition both in
Values are means +: SD. * P I 0.01. "F P I 0.005.
the early and final portions of the reach and throughout the entire reach. Each reach was normalized so that the beginning of the reach was 0% and the end of the first phase was 100% ( 1% binwidth). The decomposition index was then calculated, and rasters were made so that each point represented a time in which the reach was decomposed. Figure  5A shows rasters and histograms from a control subject and a cerebellar subject moving in the slow-accurate condition. Each line in the raster represents a trial of the reach (8 trials total), and the histogram reflects a sum of the rasters at every 1% of the total reach. The control subject showed decomposition at the first portion and at the end of the reach. This shows that the differences between rates of the two joints occurred at the beginning and end of the movement. In the middle of the control subject's movement the decomposition index is low. In contrast, the cerebellar subject always showed a pattern of decomposition throughout the entire reach, with some trial-to-trial variation. Additionally, Fig. 5B shows an average of the histograms for all control subjects and all cerebellar subjects moving under the slowaccurate condition. As a group, the control subjects decomposed their reach in the initial and final portion of the reach, whereas the cerebellar subjects decomposed their reach to varying degrees throughout the entire movement. From this we concluded that, although this test is too highly sensitive at the beginning and the end of movement, in the midrange the decomposition index did reflect the defective multijoint coordination observed in the cerebellar group. The last issue that we addressed was whether the multijoint coordination deficit could be explained by the kinematic deficits reported for cerebellar subjects in singlejointed movements. That is, whether the multijoint deficits could merely reflect the sum of abnormal single-joint kinematics (such as prolonged acceleration phases), inappropriate timing of initiation of the two joint's movements, or some combination of these deficits. Figure 6 shows an example of the shoulder and elbow angular velocity profiles and resultant wrist linear velocity profile for a control subject (C-02) and a cerebellar subject (CBL-02) moving in the slowaccurate condition. Trials of similar velocity are shown for comparison, although the cerebellar subject tended to move more slowly on average. The symmetry of the elbow and shoulder angular velocity profiles was similar in the two subjects for the trials shown, and for the two groups in both conditions (Table 4) . However, the wrist linear velocity profile produced by the cerebellar subject was not as symmetrical as that produced by the control (Fig. 6B) . Specifically, the cerebellar subject spent a smaller percentage of time in wrist acceleration and a larger percentage of time in deceleration. The increased time in wrist deceleration was observed for the cerebellar subjects in the slow-accurate condition as a group, although the difference was not significant (F = 2.15, P = 0.17). In sum, the cerebellar and control group did not show any statistically significant difference in the symmetry of the velocity profiles at shoulder, elbow, or wrist under either condition (Table 4) .
However, a measure that was significantly different under both conditions was the latency between the onset of shoulder flexion and elbow extension. In all of the control and cerebellar subjects' movements, shoulder flexion preceded elbow extension. The control subject shown in Fig. 6 initiated shoulder then elbow movements within 73 ms of one another. In contrast, the cerebellar subject initiated shoulder flexion -296 ms before the onset of elbow extension. Table 3 shows that as a group the cerebellar subjects had a significantly increased latency between onset of the shoulder and elbow movements in both movement conditions (slow-accurate: F = 7.82, p < 0.01; fast-accurate: F = 15.12, P < 0.005). In addition, the cerebellar subjects had a much higher latency between onset of the shoulder and elbow movement when moving in the slow-accurate condition (3 13 ms) compared with the movements made in the fast-accurate condition ( 192 ms). To determine whether the cerebellar subjects systematically moved more slowly than control subjects, we measured the peak angular velocities at the shoulder and elbow as well as the peak wrist linear velocity of all reaches made in the slow-accurate, fast-accurate, and fast as possible conditions. Figure 7 shows the control and cerebellar group means for all of these measurements. In the slow-accurate condition, the cerebellar group reached lower peak velocities than the control group at the shoulder joint (F = 15.92, P < 0.005), elbow joint (F = 5.71, P < 0.05), and wrist (F = 10.46, P < 0.01). In the fast-accurate condition, the cerebellar group reached lower peak velocities compared with controls at the shoulder joint (F = 12.53, P < 0.005) and at the wrist (F = 9.39, P < 0.01) but reached similar peak velocities at the elbow joint (F = 0.64, P = 0.43). In the fast as possible condition, the cerebellar group again had peak velocities that were lower than controls at the shoulder, elbow, and wrist, although these differences were significant only at the shoulder (F = 6.69, P < 0.05) and wrist (F = 5.73, P = 0.05). In sum, the cerebellar subjects always produced lower peak velocities compared with the control group. Additionally, the control group had a pattern in which the highest peak velocities occurred at the shoulder joint, with progressively lower velocities at the elbow joint and wrist, regardless of the movement condition. In contrast, the cerebellar subjects produced lower peak velocities at the FIG. 5. A : raster plot and histogram representing the decomposed portion of reaches made by a cerebellar subject (CBL-05) and a control subject (C-05). Each line of the raster plot represents 1 trial of a reach that has been normalized such that 0% is the start of the reach and 100% is the end of the 1st phase of movement. Each asterisk in the raster represents a time when the reach was decomposed. Histograms above the raster: sum of each 1% of the raster across the 8 trials. The control subject decomposed the reach only near the beginning and end. This is the time in which both the elbow and shoulder joints are moving slowly; thus the decomposition measured may have occurred because 1 joint was moving slightly under the 2O"/s criteria while the other moved slightly over this criteria. The cerebellar subject shown decomposed the reach at various phases throughout the entire reach. B: average histograms for the control group and cerebellar group. The control group decomposed at the early and late portions of the reach, whereas the cerebellar group decomposed to varying degrees throughout the entire reach.
shoulder joint than at the elbow joint in both the fast-accurate and fast as possible conditions. Kinetics A three-segment model was used to calculate all of the torques so as to include any effect that wrist movement had at the elbow and shoulder joints. We report the torques from the shoulder and elbow joint only because the movement of these two joints primarily determined the course of the reaching movement and because wrist movement was inconsistently present, and often absent, in the first phase of the movement. In all of the graphs depicting torques, flexor direction torques are graphed as positive values and extensor direction torques are graphed as negative values.
SLOW-ACCURATE
MOVEMENTS. Figure 8A shows one trial of the torques produced by a control subject (C-06) and a cerebellar subject when reaching under the slowaccurate condition. The torque curves shown are for reaching movements of similar velocity so comparisons can be made between the subjects.
The control subject produced flexion of the upper arm with the use of a flexor shoulder muscle torque that progressively increased in magnitude to counter gravity. To decelerate the flexor movement of the upper arm, the flexor muscle torque decreased slightly and allowed the extensor gravity torque A Control subject Cerebellar subject FIG. 6 A: angular velocity profiles of the primary phase of elbow and shoulder movement for a cerebellar subject (CBL-02) and a control subject (C-02). Two velocity-matched trials from the slow-accurate condition are shown for each subject. Bold lines: shoulder angular velocity. Dashed lines: elbow angular velocity. Both the control and cerebellar subject make relatively symmetrical velocity profiles at the elbow and shoulder joints. However, the latency for the start of elbow movement relative to the start of shoulder movement is prolonged in the cerebellar subject (-296 ms) compared with the control subject ( -73 ms). B : resultant wrist linear velocity profile for the same subjects and trials. The control subject makes a symmetrical wrist velocity profile, whereas the cerebellar subject spends more time in the deceleration phase of the movement. This difference can be attributed to the abnormal latency between the start of elbow and shoulder movement rather than asymmetric velocity profiles at either joint. and extensor interaction torque to decelerate the arm. At the tion. The elbow flexor muscle torque produced an elbow end of the reach, the shoulder flexor muscle torque was extension movement because the extensor interaction torque maintained at a magnitude that opposed the extensor gravity and extensor gravity torque summed to cause a larger extentorque and it held the shoulder in the final position.
sor torque. To decelerate elbow extension, a flexor interacTo produce elbow extension, the control subject generated tion torque summed with a slightly decreased flexor muscle an initial elbow muscle torque that was in the flexor direc-torque. At the end of the reach, the flexor muscle torque was maintained at a magnitude that opposed the extensor gravity torque and held the forearm in the final position.
The cerebellar subject's torque profiles differed from the control's primarily during the early part of the reach. The cerebellar subject initiated upper arm flexion with a flexor shoulder muscle torque similar to the control, although the peak was slightly sharper and of greater magnitude (note time scale difference). Interaction torques were initially small and reversed from flexor to extensor direction. This is because the cerebellar subject reversed the elbow extensor movement to flexion in the early part of the reach. At the shoulder, the extensor gravity torque was comparable between the cerebellar and control subjects.
At the elbow, the cerebellar subject produced a flexor direction muscle torque that peaked later than the extensor interaction torque; the control subject's respective muscle and interaction torque peaks occurred simultaneously. Thus the cerebellar subject's net elbow torque was initially extensor (normal), but reversed into a flexor peak (abnormal) early in the reach. This can be seen graphically as the early flexor peak in the cerebellar subject's net elbow torque that did not occur in the control subject's trace. During the middle of the reach, the extensor gravity torque for the cerebellar subject was less than that for the control subject. This is because the cerebellar subject did not maintain the forearm in the same orientation relative to gravity, whereas the control subject did. Figure 8B shows the kinematics for the same reach shown in Fig. 8A . The control subject moved the wrist and index finger in a straight path to the target. The joint movements that the control subject produced to make this path consisted of smooth, simultaneous shoulder flexion and elbow extension. In contrast, the cerebellar subject made curved wrist and index finger paths. The joint movements that made these paths consisted of a fairly normal shoulder flexion but abnormal elbow extension. Early in the reach, the elbow joint began to extend, but paused for -250 ms. The delay in elbow extension coupled with shoulder flexion carried the wrist and index finger high and outside the normal straight path. This abnormality in joint coordination was in turn caused by the early flexor peak in the muscle torque at the elbow. During the second half of the reach, the elbow extended while the shoulder was flexing less rapidly. The tendency for the elbow to pause while the shoulder moved, and for the elbow to move while the shoulder paused, was seen most in cerebellar subjects during this slow-accurate condition (see DIscussIoN).
FAST-ACCURATE MOVEMENTS. Figure 9A shows one trial of the torques produced by a control subject (C-04) and a cerebellar subject (CBL-04) both making a fast-accurate reach. The torque curves shown are for subjects reaching at a similar velocity so comparisons can be made between the two subjects. Note that in this condition, the interaction torques at both joints are increased compared with the slowaccurate condition, whereas the gravity torque remained the same.
The control subject produced flexion of the upper arm by generating a large flexor shoulder muscle torque that summed with a small flexion interaction torque to overcome the extensor gravity torque. To decelerate the flexor movement of the upper arm, the shoulder muscle torque reversed into a small extensor torque that summed with the large extensor gravity torque and (later) the extensor interaction torque. At the end of the reach, the flexor muscle torque was maintained at a magnitude that opposed the extensor gravity torque and held the limb in the final position.
To produce elbow extension, the control subject's initial elbow muscle torque was large and in the flexor direction. The large flexor elbow torque early in the fast-accurate reach acted to offset the large extensor interaction torque and the extensor gravity torque to allow a controlled elbow extension. To decelerate elbow extension, a large flexor interaction torque was offset by a small extensor muscle torque and extensor gravity torque. Figure 9A shows that the pattern used by control subjects is one where the elbow muscle torque effectively ' 'mirrored' ' the interaction torque.
The cerebellar subjects' torque profiles also differed from those of controls in this condition. At the shoulder joint, the cerebellar subject initiated upper arm flexion with the use of a smaller-magnitude flexor muscle torque that lasted twice as long as that of the control (note time scale difference). As the reach progressed, the flexor muscle torque decreased, but did not reverse into extension. Thus the muscle torque did not contribute to the net extensor torque for upper arm deceleration as in the control reach. Instead, the upper arm was decelerated by the large extensor interaction torque and gravity torque only.
At the elbow joint, the cerebellar subject produced a flexor muscle torque that peaked much earlier than the extensor interaction torque. Thus the net torque was initially flexor (abnormal) because of the large flexor muscle peak, but then reversed to the extensor direction as the flexor muscle torque lessened and the late extensor interaction torque increased. Because of this, elbow extension was caused by an extensor interaction torque that was not appropriately countered by a muscle torque. Similarly, for elbow deceleration, the flexor interaction torque was not adequately offset by an extensor muscle torque. Thus the flexor net torque was excessive because it followed the interaction torque closely.
Kinematically, the cerebellar subject produced abnormal reaching movements in the fast-accurate condition. Figure  9B shows the wrist paths and joint angles for the same trials shown in Fig. 9A . The control subject made reaches that were faster than, but otherwise nearly identical to, those produced in the slow-accurate condition. In contrast, the cerebellar subject made curved wrist and index finger paths and overshot the target. Moreover, this cerebellar subject did not hold the wrist steadily at the end of the reach, as indicated by the extreme deviation of the index finger path from the wrist path. The curvature of the wrist path and the target overshoot was a kinematic pattern often observed in cerebellar subjects moving in the fast-accurate condition.
The pattern of joint movement that produced the abnormal reach was excessive shoulder flexion combined with a series of elbow flexions and extensions. Excessive shoulder flexion was due to the lack of extensor muscle torque in the second half of the reach. The pattern of elbow movement consisted of slight flexion early in the reach, rapid and excessive extension in the middle, and a large flexion movement at the end of the reach. Early elbow flexion was due the fact that the flexor muscle torque peaked earlier than the extensor interaction torque at the elbow, causing a small net flexor torque (abnormal). Rapid elbow extension occurred because the late extensor interaction torque peak was not adequately countered by the early flexor muscle torque peak. In the final portion of the reach, the elbow flexed abnormally because the flexor interaction torque was not adequately offset by an extensor muscle torque. In sum, the overshoot and curved wrist path that occurred in this reach could be attributed to Elbow Interaction Torque the inadequate muscle torques and excessive contribution of the interaction torque to the net torque at both joints.
As a group, all of the cerebellar subjects who had abnormal kinematics produced abnormalities in the relationship between the muscle torque and interaction torque. This was most pronounced at the elbow joint, where the muscle torque and interaction torque are normally mirror images of one another. Figure 10 shqws the elbow muscle torque plotted against the elbow interaction torque for three cerebellar subjects and their respective controls moving in the fast-accurate condition. In this type of plot, a diagonal straight line indicates that the elbow muscle torque and interaction torque were approximately mirror images of one another. Control subjects produced elbow muscle and interaction torques that covaried appropriately, as indicated by the straight diagonal line (Fig. 10) . Cerebellar subjects produced elbow muscle and interaction torques that did not mirror one another, as indicated by the sharply curving lines. As a group, the cerebellar subjects had an inability to produce muscle torques that varied appropriately with the interaction torques that occurred at the elbow joint, and often also at the shoulder joint. In both humans and monkeys, normal multijointed reaching movements are made with a hand/wrist path that is straight or slightly curved. This invariance has been confirmed in reaching movements made to a variety of target locations in the horizontal plane (Hollerbach and Atkeson 1986; Morass0 1981) and the vertical plane (Soechting and Lacquaniti 198 1) , although the hand paths are slightly more curved in the vertical plane (Atkeson and Hollerbach 1985) . Normal subjects have also been BASTIAN, MARTIN, KEATING, AND THACH shown to make reaching movements that have a stereotypic bell-shaped wrist/hand velocity profile (Kaminski and Gentile 1989) . The hand approximates the target at the end of this curve, and no corrective movements are usually needed. The reaching movements that we studied were toward a target located nearly a full arm's length away. For this type of reaching movement, the elbow and shoulder joint angles had to change smoothly and at synchronized rates relative to one another to produce the stereotypic hand trajectory. A few recent reports on the kinematic deficits that occur after cerebellar injury have focused on multijointed movements. Goodkin et al. ( 1993) described how a subject with a lateral cerebellar lesion decomposed multijointed reaching and pinching movements into a series of single-jointed movements. They further found that this subject could perform single-jointed flexion and extension at the wrist with little or no deficit . In a similar study, Becker et al. ( 1991) found that a subject with complete Purkinje cell degeneration (cerebellar cortical atrophy) also decomposed reaching movements into a series of elbow and shoulder movements. Hallett and Massaquoi ( 1993) have shown examples of cerebellar subjects making uncoupled knee and ankle movements during gait. They show that there are delays in the relative movement of the knee and ankle throughout the gait cycle. Specifically, they report a dramatic decrease in the amount of ankle plantar flexor movement when the foot is pushing off of the floor as well as decreased knee flexion as the limb is being loaded. The results of all of these studies indicate that cerebellar subjects exhibit abnormalities in the relative movements of multiple joints.
In our present study, under the slow-accurate condition the cerebellar subjects who. had abnormal kinematics appeared to decompose the reach into an exaggerated series of shoulder joint movements followed by elbow joint movements. This resulted in a highly curved wrist path. When the velocity profiles of the individual joints were assessed, we found no group differences in the symmetry of the velocity profiles at the elbow or shoulder joint. Thus the imbalance between acceleration and deceleration does not appear to account for the types of kinematic deficits observed in the multijointed reaching movement that we studied. A more significant contributing factor appeared to be the difference between the onset latencies of the primary phase of move-'merit at each joint. Consequently, the wrist linear velocity profile was sometimes asymmetric in the more decomposed reaches made in the slow-accurate condition. In the fastaccurate condition, the cerebellar subjects made curved wrist paths, but the curvature was not as great as that seen in the slow-accurate condition. The pattern of joint movement in the fast-accurate condition consisted of the two joints moving at the same time, but at inappropriate relative rates. We suggest that this is a qualitatively different pattern from the joint movement in the slow-accurate condition, where one joint moved while the other did not (see Fig. 4B ). Endpoint location also differed depending on the movement condition. The cerebellar subjects undershot the target in the slowaccurate condition and overshot the target during the fastaccurate condition. Finally, on average the cerebellar subjects did not move as rapidly as the control group under any of the three conditions. However, control subjects always produced higher-velocity shoulder angular movements compared with elbow angular movements. The cerebellar subjects produced higher-velocity elbow angular movements compared with shoulder angular movements in the fast-accurate movement condition.
Our interpretation of these data is that cerebellar subjects were using more of a compensatory strategy (Luciani 19 15 ) when they made slow-accurate reaches and less of a compensatory strategy when they made fast-accurate reaches. If cerebellar lesions cause impairments of single-jointed movements that are much less than those observed in multijointed movements (e.g., Goodkin et al. 1993) , then a reasonable strategy to improve accuracy would be to move one joint at a time in a series (decomposition).
This would have the effect of reducing the interaction torques occurring at the moving joint, although interaction torques would still occur at the stationary joint. For this reason, cocontraction of the muscles about the stationary joint to "stiffen" it would be the optimal simplification strategy, thus reducing the need to dynamically account for interaction torques. Although this was not directly tested in this study, we predict that cerebellar subjects would cocontract about the stationary joint when decomposing the movement.
Stopping short of the target may also be a compensatory strategy that would benefit individuals with poor endpoint control. Corrective movements associated with undershooting a target were in the same direction of the intended movement and have been speculated to be require less time and only minor modifications of the ongoing motor program (Quinn and Sherwood 1983) . Nevertheless, this may depend on what phase of the movement the correction is made in (Carlton and Carlton 1987) . Corrective movements associated with overshooting errors require a reversal in direction that can require more time to perform and have been speculated to require an actual change in the motor program (Quinn and Sherwood 1983) . From a more practical perspective, the physical consequences of overshooting a target may often be more hazardous than those associated with undershooting a target (e.g., reaching for a glass or bringing a fork to the mouth).
Further, we suggest that moving more slowly may also reflect a type of strategy used by subjects with cerebellar disease to maximize their accuracy. From the results of this study, we cannot specifically determine whether the overall reduction in movement velocity is a compensatory strategy that the subjects adopt after the lesion or whether it is a fundamental cerebellar deficit or both. However, adopting a strategy of moving more slowly would be advantageous because there would be more time for the slower visual feedback control to be used (Cord0 and Flanders 1989; Keele and Posner 1968) and the movement kinetics would be simplified (see next section). In addition, studies of monkeys after acute cerebellar lesions showed either no difference in velocity (H. P. Goodkin, unpublished data) or increased velocity (Conrad and Brooks 1974; Gilman et al. 1976 ) of movement.
In sum, we propose that the kinematic deficits observed in the reaching movements made by subjects with cerebellar lesions stem from the combination of a fundamental movement deficit and a compensatory strategy. The type(s) of compensations used may consist of moving one joint at a time (decomposing), slowing the movement down, and undershooting the target. In the condition where the subjects with cerebellar damage were asked to move fast and accurately, they often overshot the target and moved the two joints at the same time, but with one of the joints moved either excessively or too little relative to the other. Additionally, in the fast-accurate condition the elbow joint often hit higher peak velocities than the shoulder joint, as if it were not being appropriately controlled. We believe that the results from the kinetic analysis provide a rationale for the types of kinematic deficits and potential compensations that we have observed in subjects with cerebellar lesions. At any given joint, dynamic interaction torques are generated when there is movement of any other joints that are directly or indirectly linked. It should be noted that movement of the other joints may be in part due to interaction torques caused by the muscles acting at the joint in question. However, for ease of discussion, the interaction torque was defined as that which arises from movement of linked segments, without reference to the individual component that contributed to that movement.
Interaction torques increase in magnitude as any movement is made more rapidly. The dynamic interaction torques may act either to assist or resist the intended movement of a given joint. Supporters of the equilibrium point hypothesis have argued that the nervous system does not have to account for the addition of these types of inertial torques per se, but instead accounts for them indirectly by coding for series of equilibrium points that will eventually -bring the limb to the desired end position (Bizzi et al. 1984; Feldman 1986) . Our results and those of other investigators (Ghez et al. 1994; Lackner and Dizio 1994; Sainburg et al. 1995) lead us to speculate that the nervous system does take into account the addition of dynamic interaction torques and scales the muscle torque up or down in relation to the magnitude and direction of the interaction torques to produce a movement of a given joint.
When analyzing the cerebellar subject's torque data, we used the pattern of torques produced by the control subjects as a "template' ' for what the normal pattern of torques should be. The results from our study show that several of the cerebellar subjects often failed to produce muscle torques that adjust appropriately for the interaction torques that are generated during a multijointed reaching movement. This deficit was most pronounced in the fast-accurate condition, where interaction torques are large. Additionally, the deficit occurred most often at the elbow joint, where the elbow muscle torque must be a mirror image of the elbow interaction torque. This deficit could account for the abnormal kinematics, which included shoulder-elbow asynergy, curved wrist path, and terminal overshoot. For slower movements, the interaction torques at both the shoulder and elbow joints were much smaller and contributed much less to the net torque. Most cerebellar subjects were able to touch the target without appreciable overshoot during the slow-accurate reaches. These and similar results have been previously reported in abstract form (Bastian et al. 1994; Topka et al. 1994) .
The cerebellum receives proprioceptive information from the fast-conducting spinocerebelllar tracts. Proprioception has recently been shown to be important for adjusting for dynamic interaction torques that occur during reaching movements in both horizontal (Sainburg et al. 1995) and vertical (Sainburg et al. 1993) planes. Subjects who lacked proprioception because of large-fiber sensory neuropathy were studied making multijointed arm movements that had a rapid reversal phase where large interaction torques were produced at the elbow joint due to concurrent movement at the shoulder joint. Subjects without proprioception produced abnormalities in the synchrony of elbow and shoulder movements and made abnormal wrist paths primarily when they were denied visual feedback of the movement. This deficit was greatest during the reversal phase, where interaction torques at the elbow are large. A kinetic analysis confirmed that the subjects with proprioceptive loss specifically did not account for the interaction torques generated at the elbow joint, and that the unchecked interaction torques caused the extreme curvature of the wrist path at the movement reversal (Ghez et al. 1994; Sainburg et al. 1995) . The authors suggest that proprioception is responsible for updating an internal model of the limbs' inertial properties. Interestingly, a recent study has shown that vision of limb either at rest before the movement or during the movement greatly improved the performance of the deafferented patients, suggesting that visual information may also update an internal representation of dynamic properties of the limb .
The deficits that were reported in subjects with loss of proprioception when they moved without vision of the limb are quite similar to those that we found in several of the cerebellar subjects. In both cases, the subjects were not able to adjust adequately for the dynamic interaction torques. However, the cerebellar subjects that we studied were allowed vision of their arms and the target during all of the conditions. Despite the availability of visual feedback about arm movement, cerebellar subjects with abnormal kinematics had produced elbow muscle torques that did not vary appropriately with the interaction torques. This often caused the elbow interaction torque to contribute excessively to the movement.
The cerebellum receives much cortical information from sensorimotor, premotor, and visual areas in addition to receiving fast-conducting proprioceptive input. Thus cerebellar output only depends partially on the incoming proprioceptive information. Gilman et al. (1976) studied reaching movements made by monkeys that were either deafferented, decerebellate, or deafferented with subsequent cerebellar ablation. That study showed that cerebellectomy after deafferentation caused further reaching movement deficits. The authors concluded that the cerebellum contributes something more than corrective responses to the continual incoming peripheral afferent input.
We speculate that one important function of the cerebellum is in using multiple sources of information from neocortex and the periphery to scale muscle activity to overcome inertial characteristics of the limb and to oppose or assist for the interaction torques that are caused by other moving linked segments. By this reasoning, the cerebellum would be of primary importance in coordinating the shoulder muscles' contribution to elbow movement ( via interaction torques) with the elbow muscles' contribution to elbow movement. The fact that the cerebellum can potentially rely on information from multiple sources (neocortex and periphery) to make these adjustments may also explain why Ghez et al. ( 1995) found that the deficits observed in subjects lacking proprioception were dramatically decreased when visual information about the limb was made available. Finally, the additional complexity of dynamic interaction torques in a multijointed movement may account for the discrepancy observed between deficits in simple and multijointed movements in the cerebellar literature.
APPENDIX
We used inverse dynamics equations that were parsed into specific terms to indicate the relative contribution of the different torque components. We define the "net torque" as the sum of all of the torques (gravitational, muscle, and dynamic interaction) occurring around a given joint and the "muscle torque" as the sum of all of the muscle and passive tissue forces needed to produce the observed movement. Note that other authors (Hollerbach and Flash 1982; Soechting. and Lacquaniti 1981) have used the label ' 'net torque' ' to refer to the sum of the muscle and passive tissue forces ( "muscle torque" in the present study). We defined dynamic "interaction torques" as the motion-dependent torques that occur at a joint due to movement at joints that are linked. "Gravitational torques' ' were the torques caused at any joint by the force of gravity. The following equations were used to calculate the various components from the kinematic data. Segment inertia was estimated with the use of anthropometric tables (Winter 1990 ). 
